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Because of their high temperature capability, strength and erosion 
resistance, chemical vapor deposited (CVD) beta silicon carbide coatings 
are of interest in tribological and protective applications. The silicon 
carbide is formed by a reaction between a silicon halide, such as SiCl4 
and a carbon source, such as CH4 . The overall reaction is: 
SiC14 + CH4 ~ SiC + 4 HeI. 
This is deposited on substrates in a reaction chamber which is heated ta 
approximately 1000 °C. The coatings in this study* were produced by a 
refinement of the CVD process called controlled nucleation thermochemical 
deposition (CNTD) which resulted in fine grained coatings with crystallite 
sizes typically 0.01 to 0.05 microns, compared to the usual CVD process 
which results in columnar grains growing from the surface that approach 
millimeters in length. These CNTD coatings typically had flexure 
strengths 2 times that of hot pressed silicon carbide (lIPSC) or sintered 
silicon carbide (SSC) and 5 times that of reaction sintered silicon 
carbide (RSSC) at room tempera ture. At 1200 °c, the CNTD SiC coatings 
were typically 3 to 5 times higher in flexure strength than HPSC or SSC 
and 18 to 30 times stfJ~ger than RSSC. The fracture11~ughness was 
typically 5to 7 MPa-m ,compared to 3.5 to 5 MPa-m for HPSC or SSC 
and the hardness was typically 50 % higher than lIPSC or SSC. The 
properties of the coatings and the CNTD process have been described 
elsewhere in more detail [1,2,3J. The interest in these coatings for 
protection is illustrated by a report [4J in which this coating, with a 
proprietary glass formin§ interlayer, enabled one carbon/carbon sample to 
survive 400 hrs at 1200 C in air under a load of approximately 275 MPa. 
The two samples for this study, labeled 3A and 3B, consisted of 
graphite substrates about 25 x 25 x 8 mm with coatings of nominal 
thicknesses of 200 to 250 microns. There was a tic-tac-toe pattern of 
graphite paint on top of the graphite substrate with strips that were 
* San Fernando Labs; now, SFL Div., Air Products, Allentown, PA. 
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approximately 2 x 15 mm on top of which the CNTD coating was deposited. 
It has been known for years that there are residual stresses in CVD 
coatings which can significantly affect the final properties [5,6J. 
Niihara [7J suggested that the stresses produced during the CVD process 
could be used for toughening, if they could be controlled. Again, a 
National Research Council review [8J noted "control of residual stresses" 
as one of five remaining problems with the CVD process. However, there 
are apparently few measurements of residual stress in ceramics. 
In addition to measuring the residual stresses in the two samples, 
investigation of the effect of high intensity laser irradiation has been 
initiated. Laser annealing has been sucessfully used to reduce the 
scattering losses in thin film optical waveguides of Corning 7059 glass, 
Zno, Si~N4' Nb 205 and Ta20S [9J. On the other hand, the strength of HPSC 
was redUced 80 % after 1,00 J of CO 2 laser irradiation [10J. 
RESIDUAL STRESS MEASUREMENTS 
Equipment 
The x-ray diffraction instrument used here utilizes a position 
sensitive scintillation detector. A film of scintillation material has 
been adhered to one end of each of two flexible fiber optic bundles, 3 x 
13 mm in cross section. The scintillation coated ends of the fiber 
bundles, the x-ray sensitive areas, are located near the x-ray source and 
specimen. The other end of the flexible fiber optic bundles, which vary 
in length up to 2 meters, is optically coupled to a proximity focussed 
image intensifier which amplifies the visible light version of the x-ray 
pattern. The light signal, which has been amplified several thousand 
times, is conveyed via a rigid fiber optic couple to two parallel linear 
silicon diode arrays where the light pattern is converted into an analog 
electronic signal. The electronic signal is then applied to an A/D 
converter for computer processing and storage. The image intensifier and 
diode arrays are enclosed in a 5 x 5 x 5 cm hermetically sealed cube that 
also contains a solid state cooler for the diode arrays. 
The divergent focusing x-ray diffraction optics can be applied to 
give a very small irradiated area, 2 x 2 mm in this case. The two 
independent x-ray sensitive surfaces, positioned on either side of the 
source beam allow this instrument to utilize alI three of the most 
commonly used residual stress measurement techniques [11J. The high speed 
of the instrument, combined with its accuracy, is especially useful for 
residual stress measurements in ceramics where long counting times are 
required due to the high elastic moduli, low Poisson's ratios and the 
usually low peak to background ratios encountered in the back reflection 
diffraction peaks. 
X-ray Results 
Each sample was mapped in a grid of 5 x 5 spots in two orthogonal 
directions for 50 measurements per sample. The irradiated area was 2 x 2 
rom. AII residual stresses were highly compressive and of about the same 
magnitude in the two directions, indicating a uniform stress over the 
surface with no apparent pattern, such as a difference between the center 
and edges, 01' over the areas on the graphite paint compared to those areas 
directly on the graphite substrate. A preferred orientat ion of the (111) 
crystallographic planes parallel to the surface was found. A preferred 
orientation is consistent with Holzl [31 who reported that the structure 
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Fig. 1 Residual stresses (in ksi) on beta silicon carbide CNTD of 
sample 3B in the direction parallel to the 41 - 49 edge. 
of CNTD coatings was a collection of very short columns, whose growth is 
arrested, followed by new growth, yielding essentially uniaxial crystals. 
The highly compressive residual stress indicated in these results may be a 
major factor in allowing these coatings to provide an oxidation barrier 
for carbon substrates [13J. 
Figures 1 and 2 show the results in two orthogonal directions on 
sample 3B on which the stresses averaged -869 MPa (-126 ksi). The numbers 
along two of the edges in the figures refer to reference scales which were 
mounted beside the specimens to allow repositioning for future 
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Fig. 2 Residual stresses (in ksi) on beta silicon carbide CNTD of 
sample 3B in the direction perpendicular to the 41 - 49 edge. 
measurements. Details of the results on specimen 3A on which the stresses 
averaged -1024 MPa (-149 kSi) are available elsewhere [14J. 
Bhat and Panos [12J studied residual stress induced during 
manufacture of CNTD coatings and found compressive stresses via x-ray 
diffraction. However, the stresses were very non-uniform. They used Cr 
K-alpha radiation diffracted from the (311) planes of FCC beta SiC with a 
two theta of about 121 degrees. 
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For this work, the (333, 511) planes and Cu K-alpha radiation were 
used. Typical data collection time was 15 sec at 45 KV and 10 mA. 
Calibration was performed using -400 mesh powders and setting the x-ray 
beam so that it was normal to the powder surface. Confirmation of the 
calibration was performed on each powder with the beam incident at 200 to 
300 • The mean stress measured was 30 MPa ± 56 MPa. The mean stress 
should be nearly zero if the calibration is valid since a ceramic powder 
will not sustain a macro residual stress between the powder particles. 
In x-ray stress determinations, strain measurements are made in 
selected crystallographic directions, but published values for Young's 
modulus and Poisson's ratio are bulk values representing the average 
elastic properties for alI crystallographic directions. The difference 
can be substantial. Unfortunately, specimens were lasking for measurement 
of the appropriate modulii so bulk values of 418 X 10 MPa for Young's 
modulus and 0.142 for Poisson's ratio were used. 
EFFECT OF LASER POWER DENSITY 
To examine the effect of laser irradiation, specimen 3B was imaged in 
a photoacoustic microscope [15J. Four locations on the surface, labeled 
1, 2, 3 and 4 respectively, were irradiated with high intensity 514.5 nm 
Ar ion light. The laser powers to be given below are those incident on 
the surface without modulation. The light was then square wave modulated 
and focused onto the surface. 
The periodic energy input creates a critically damped thermal wave 
propagating into the material. The temperature variat ion at the surface 
depends not only on the energy absorbed but also on the material's 
properties and features, such as cracks, which modify the flow of heat. 
For detection of the temperature variation here, a cell was sealed to the 
surface which had a window to allow entry of the radiation and a 
microphone to detect variations in the air pressure above the material's 
surface caused by the periodically heated spot. Further details of the 
photoacoustic or thermal wave effect are contained in other papers in 
these and earlier proceedings in this series. Due to the rapid decay of 
the thermal wave, this technique is primarily a ne ar surface tool. At the 
modulation frequency used here, 2 KHz, the substrate does not appreciably 
affect the detected ac temperature variation. 
The focal spot was scanned in a raster pattern over the area to be 
imaged in an array of 224 x 224 points with either a 25X objective having 
a focal spot of 6.8 microns or a 50X objective which had a focal spot of 
2.7 x 3.5 microns with this particular laser beam. At location 1 of the 
four locations scanned the laser was not able to maintain the laser power 
constant over the scan. Fortunately, this result was valuable in that it 
showed how very near to the threshold for visible surface change we were. 
Table 1- High Power Irradiation 
Location Scanned Step Dwell Focal Incident Averaged 
Area Size Time Spot Power Power2 (mm) (}lIll) (msec) (}lIll) (mW) (GW/m ) 
2 x 1 4·5 480 6.8 150 0.87 
3 x 1 4·5 520 6.8 170 1.0 
4 0.75 x 0.75 3·4 520 3.2 180 5·2 
1373 
Image sets consisting of a photoacoustic magnitude and phase as well as a 
concurrently acquired scanned optic al image were gathered before high 
power irradiation, during high power irradiation and after high power 
irradiation. Examples of image sets have been published elsewhere [16J. 
The averaged incident power is obtained by dividing 0.86 of the 
incident power by the focal spot area. It is only a rough measure of the 
power density because the power distribution is Gaussian, not top hat. A 
measure of the absorbed power can be obtained by knowing the diffuse 
reflectance of the surface which is about 8 % so that about 92 % of the 
incident power is absorbed. Caution is in order because the reflectivity 
changes with temperature, which was quite high in the irradiated spots, 
high enough to modify the surface. Comparing the before and after scanned 
optical images at location 4, which was the most modified location, the 
average optical signal dropped 50 %. 
Figure 3 is a micrograph of a corner of the irradiated area at 
location 2 which was similar to location 3. The scanning pattern is 
evident. Figure 4 shows a corner of the irradiated area at location 4. 
For power delivered to the surfac2 up to 40 mW, with an average power 
density in the focal spot of 0.27 GW/m , via the 25X objective and for 
delivered power ~p to 30 mW, with an average power density in the focal 
spot of 0.8 GW/m , via the 50X objective, the exposure is nondestructive. 
However, with powers ne ar these levels, scanning tracks have been 
observed. These tracks show some color as if they were formed of a thin 
oxide coating but they disappear after storage for a few weeks. 
Fig. 3 Micrograph of the lower right corner of location 2 which was 
very similar in appearance to location 3. The bar in the lower 
left corner represents 20 microns. 
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SUMMARY 
The residual stress in chemical vapor deposited coatings on graphite 
has been mapped. The stresses were highly compressive and relatively 
uniform. The laser powers for which visible changes in the coatings occur 
have been determined. Correlation of laser irradiation and changes in the 
residual stress are in progress. 
Fig. 4 Micrograph of the lower right corner of location 4. The 
scanning pattern is readily visible. The bar in the lower left 
corner represents 20 microns. 
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